We model cyclic voltammetry experiments on supported lipid films where a non-trivial dependence of the capacitance on the applied voltage is observed. Previously, based on a mean-field treatment of the Flory-Huggins type, under the assumption of strongly screened electrostatic interactions, it has been hypothesized that peaks in the capacitance-vs-voltage profiles correspond to a sequence of structural or phase transitions within the interface. To examine this hypothesis, in this study we use both mean-field calculations and Monte Carlo simulations where the electrostatic effects due to the varying electric potential and the presence of salt are accounted for explicitly. Our main focus is on the structure of the film and the desorption-readsorption phenomena. These are found to be driven by a strong competition for the progressively charged-up (hydrophobic) surface between lipid hydrocarbon tails and the electrode counterions (cations). As the surface charge density is raised, the following phase phenomena within the interface are clearly observed: (i) a gradual displacement of the monolayer from the surface by the counterions, leading to complete monolayer desorption and formation of an electric double layer by the surface, (ii) a transformation of the monolayer into a bilayer upon its desorption, (iii) in the case of zwitterionic (or strongly polar) lipid head groups, the desorption is followed by the bilayer readsorption to the electrode via interaction with the electric double layer and release of the excess counterions into the bulk solution. We argue then that the voltammetry peaks are associated with a stepwise process of formation of layers of alternating charge: electric double layer -upon film desorption, triple or multi-layer -upon film readsoption. * Corresponding author, E-mail: a.brukhno@leeds.ac.uk † Also known as Andrei V. Broukhno 1 arXiv:1007.3004v2 [cond-mat.soft]
Introduction
upon charging up the electrode. The underlying molecular interactions are also altered, partly owing to a gradual change from hydrophobic to hydrophilic behaviour of the electrode, but also due to a strong, yet unknown, response in ion distribution which is especially difficult to account for within the interface. In particular, a well-known feature of supported monolayers exposed to an aqueous solution and subjected to cyclically varying electric potential, is a characteristic non-linear dependence of the interfacial capacitance (C) upon the applied voltage (V ). The nonlinearity in the C(V ) profile is normally evinced in one or more peaks which can be attributed to a relatively abrupt redistribution of charges and/or polar molecules within the monolayer interface with the solution. 3, 12, 13 While the peculiar C(V ) shape appears to be specific for the combination of the monolayer properties and the solution constituents, the charge redistribution is thought to be associated with certain transformations in the monolayer structure, which can be understood as a sequence of phase transitions, as is visualised in Fig. 1 . 2, 13, 14, 34 There exist also plausible theoretical (phenomenological) approaches to the problem. 10, [15] [16] [17] It remains, however, largely undetermined what type of transition is reflected by each peak in the C(V ) profile, 34 because such phenomenological hypotheses based on indirect observations cannot be easily verified in a supporting experiment that could reveal the resulting molecular (re-)arrangements. A better understanding and theoretical description in such cases requires further research, which can also be based on modelling with the aid of numerical methods. For instance, this way substantial insights into possible phase phenomena in the supported phospholipid layers have been gained in the earlier study 2, 3 where self-consistent field calculations were reported for phosphatidylcholine (PC) films adsorbed from solutions of various PC concentrations.
In this report we study by numerical methods the effect of salt on the adsorption and structure of a lipid film in the proximity of a gradually charged up electrode. We start with the model system previously studied by Leermakers and Nelson 2 and perform self-consistent field (SCF) calculations where the electrostatic effects are explicitly accounted for. After assessing on the mean-field level the role of the surface counterions (salt cations) in displacing the lipid monolayer from the surface, we address the problem by means of Monte Carlo (MC) simulation for a coarsegrained lipid (or surfactant) model in the presence of salt modelled explicitly within the restricted primitive electrolyte framework. 
Methodology
In what follows we employ both self-consistent field calculations and Monte-Carlo simulations. First, within the mean-field approximation, we study the major effect of how the presence of 1:1 salt influences the attachment of a lipid monolayer to an electrode with varying surface charge density. This brief SCF study is done for the same lipid model as that used previously by Leermakers and Nelson. 2 Second, from Monte Carlo simulations, we obtain a more detailed picture of the structural rearrangements occuring in the monolayer upon gradually increasing the surface charge, which mimics a stepwise raise of the electric potential applied to the electrode. In this case, in order to minimise the computational demand, we opted to use a coarse-grained lipid model with a single tail being of the same thickness as the head monomer(s).
The general model system in both cases is the same, as sketched in Fig. 2(a) . The electrode surface is considered atomically smooth, as is the case with mercury at room temperature, and modelled by an infinite plane at z = 0 with the surface charge distributed uniformly (when electric field is applied). The major difference between SCF calculations and Monte Carlo treatment is as follows. The mean-field problem is formulated and solved for interrelated potential and concentration (volume fraction) profiles defined on a one-dimentional grid along the z-axis under the assumption of uniform distribution of species within each planar (xy) layer corresponding to a z-bin. Therefore, the resulting self-consistent solution gives only the average density profile for each component in the system, whereas any inhomogeneities in the lateral directions, due to specific configuration arrangements and inter-species correlations, remain inaccessible. In contrast, MC simulations are performed with finite number of lipid molecules and salt ion pairs in a sufficiently large simulation box that is periodically repeated in the x-and y-directions. Thus, the correlations and inhomogeneities are explicitly included into the consideration. Here the advantage is that MC results are statistically exact within the model used.
Self-consistent field calculations
The lipid model we use in the mean-field calculations is sketched in Fig. 2(b) . The SCF method is similar to, albeit not the same as, that employed earlier for other lipid systems. 2, 20 We note that in that work the electrostatic effects were accounted for only implicitly, i.e. via the variation of the Flory-Huggins interaction parameters controlling the interplay between the affinities to the surface of lipid head groups and solvent species. In the current study we make the model more realistic by directly including the electrostatic effects due to the varying surface charge density and the presence of 1:1 salt, which resemble the actual experimental conditions.
The self-consistent field lattice theory has been initially developed by Scheutjens and Fleer 35, 36 and later generalized to polyelectrolytes by Böhmer et al 37 and Israels et al. 38, 39 The detailed description of the current implementation of the method can be found in a recent work where it has also been adapted to protein-polysaccharide systems. 40 Therefore, below we present only the main aspects of the model system and the method.
The system comprises lipid molecules, salt ions, and solvent species (water) distributed between two parallel plates that are placed sufficiently far away from each other, z max = 300Å, so as to minimise the interaction between them. The space between the surfaces is divided into planar layers, k z = 1, 2, 3, . . ., parallel to the plates, each layer being subdivided into hexagonal lattice cells of equal volume with the lattice spacing of a c = 3Å. Every lattice cell is assumed to be fully occupied by either a lipid monomer, an ion or a water molecule, so that the total volume fraction in each layer equals 1, i.e. φ α (z) = 1, where φ α (z) is the local volume fraction for component α. The Bragg-Williams approximation of random mixing is applied and, thus, all cells in the same layer are, on average, equivalent in terms of concentration of each species (composition). The main assumption in the mean-field approach is that the total action on each species α induced by all the components in the system (including the same type) can be approximated by the corresponding potential of mean force, u α (z; φ α (z)). Thus, the two primary functions to be obtained for each species in the SCF calculation are: the average volume fraction, φ α (z), and the mean-field potential, u α (z). Generally, these are coupled via a set of non-linear (differential for electrostatic contribution) equations which is solved self-consistently by iteration, provided the appropriate boundary conditions such as the bulk values, φ (bulk) α (z) and u (bulk) α (z). In the course of the numerical iterative procedure, 40 the convergence is achieved when the profiles, φ α (z) and u α (z), become consistent with each other, i.e. stop varying notably between consecutive iterations.
In the current model there are five types of molecular components: the solvent -water (denoted by index α = W), the lipid groups (α = A, B, where A stands for hydrophobic backbone monomers and B -for polar groups), cations (α = C), and anions (α = D). The lipid chain has two hydrophobic tails of l t = 14 A-monomers and the polar head region is modelled by a combination of both A-and B-monomers, as shown in Fig. 2(b) .
The parametrisation is done so as (i) to mimic the system originally studied by Leermakers and Nelson, 2 and (ii) to investigate the pure electrostatic effect on the lipid adsorption due to the addition of surface charge and salt explicitly. Therefore, we study the system where the supported monolayer is initially, i.e. prior to application of the electic field, thermodynamically stable owing to strong hydrophobically driven adsorption of lipids onto the electrode. Below we give the Flory-Huggins parameters that correspond to this regime. We emphasise that the parameter values are not altered upon charging up the surface, even though the hydrophobic effects at the electrode would diminish under the experimental conditions. The hydrophobic tail monomers on lipids (type A) strongly repel both the solvent (W), χ AW = 1.6 k B T , and the polar heads (B), χ AB = 1.5 k B T , while the polar monomers (B) weakly attract solvent molecules, χ AB = −0.3 k B T . The lipid tails have no interaction with the surface (S), χ AS = 0, while the heads and the water molecules are repelled from it, χ BS = 0.8 k B T and χ WS = 4.8 k B T . The interactions of water with the surface are set to be strongly repulsive in order to model hydrophobic surface and to focus on the effect of the competitive adsorption of lipids and ions. The short-range interactions for ions (C, D) with each other and with all the other components are set to zero, χ C = χ D = 0, and ions carry charges, q C = +e, q D = −e, respectively. The surface has a fractional charge per lattice site, varied gradually, q S = −0.1, . . . , −1.0 e/9Å 2 . The bulk concentration (volume fraction) of the lipids is set to φ AB = 7 10 −7 and the concentration of salt is φ salt = 10 −2 , which approximately corresponds to the ionic strength of 0.5 M.
Monte Carlo simulations 2.2.1 Model
In our simulations we use a coarse-grained lipid model and the restrictied primitive electrolyte model in a planar geometry, schematically depicted in Fig. 2(a) . If not stated otherwise, number of lipids is N l = 400 and the primary box dimensions are
, periodic boundary conditions being applied along the x and y directions. All simulations are performed with the aid of an in-house state-of-the-art FORTRAN code, based on the program used in previous studies. [41] [42] [43] The lipid is represented by n = 5 or 6 spherical monomers (beads), with either a non-charged hydrophilic head monomer or a zwitterionic two-bead head group, as shown in Fig. 2(c) . The beads are connected to form a chain with a harmonic spring potential, U b (r i,i+1 ) = 0.5 k f r 2 i,i+1 , where k f is the force constant and r i,i+1 is the distance between the centers of two adjacent beads, i = 1, . . . , n − 1. In order to account for the stiffness within a lipid molecule we also apply a disjoining spring, U s (r i,i+2 ) = −0.1k f r 2 i,i+2 , between beads with indeces i = 1, . . . , n − 2 and i + 2. This is similar in spirit to how a stepwise stiffness potential is used between next-adjacent monomers in the hard-core model for lipids 44 and the tube model for polypeptides. 45, 46 The force constant, k f , was chosen so that the mean distance, r i,i+1 , varied in the range 4.3 -4.6Å.
Additionally, a truncated and shifted Lennard-Jones (LJ) potential,
where
acts between all monomer and ion pairs (β = k B T , k B being the Boltzmann constant and the temperature T = 298 K). In Eqs. 1 and 2 d is the effective bead diameter (4Å for all species) and αβ is the attractive well depth, α and β being the bead types: "t" and "h" for lipid tail and head monomers, "a" and "c" for the salt anions and cations, respectively. The repulsive LJ term models monomer soft core interactions whereas the attractive contribution is responsible for mediating the effective short-range attraction. In particular, the hydrophobic interaction between all tail monomers is mimiced by using deep wells with tt = 1.2, . . . , 2.0 k B T , whereas the ions and lipid head beads are treated as inert by using aa = cc = hh = 0.01 k B T , and for all other inter-species interactions αβ = √ αα ββ , α = β (the Lorentz-Berthelot rule). In order to mimic hydrophobically driven adsorption of the lipid molecules onto the electrode surface, we also introduce an attractive rectangular well potential that is non-zero only within a short distance from the (infinite) planar surface, U ts (z) = − ts for 0 < z ≤ d s , where ts = 0, . . . , 2.0 k B T and
In the cases where the surface is charged and ionic species are present, the restrictied primitive electrolyte model is employed where the solvent is replaced by a continuous medium with the dielectric permittivity r = 78.7 (water). In practice this implies using the Bjerrum length, λ B = βe 2 /(4π 0 r ), as a standard factor in all calculations concerning electrostatics; e being the unit electric charge, and 0 -the dielectric constant. In our simulations we use λ B = 7.126Å corresponding to normal conditions, T = 298 K. The total electrostatic contribution to the potential energy can be written as
where the first term is due to the electric field outside of the electrode bearing the surface charge density σ (e/Å 2 ),
N q being the total number of charges in the system, including salt ions and charged head-beads on lipids if any. The second contribution in Eq.3 is the sum of pairwise Coloumb interactions between all charged species within the simulation box,
while the third term is the long-range correction to the electrostatic energy due to the "external" potential φ ext (z i ; ρ(z)) produced by the average charge distribution outside of the primary box, ρ(z), 47, 48 
Here ρ(z) is assumed to be identical to that obtained within the box. Being dependent on the positions of all the charges in the system as well as the overall charge concentration profile, φ ext (z) is computed numerically on a grid of n z = 400 bins along the z-axis. Besides, one has to reiterate this calculation sufficiently often in order to account for redistribution of the charge along the box z-dimension, which is crucial for equilibration. That is, the long-range correction is calculated approximately, on the mean-field level. However, as long as the lateral dimensions of the box are sufficiently large, L xy >> λ B , the approximation does not reduce considerably the precision of the overall calculation. Another important detail in our simulations is maintaining the chemical potential of the salt constant while varying the surface charge. Clearly, accumulation of counter-ions (and depletion of co-ions) at the interface results in notable variations of the ion concentration away from the interface, i.e. in the mid region of the simulation box. Therefore, one has to take special measures in order to attain the chemical equilibrium with the bulk solution, which is done here by use of the standard technique of random insertions and deletions of salt ions under the conditiom of constant chemical potential, i.e. in the grand canonical ensemble. 49, 50 As usual, in order to keep the system electroneutral at all times, we performed insertion/deletion attempts on pairs of oppositely charged ions, i.e. salt species. In most cases we maintained the salt concentration about 0.3 M in the mid region (if not stated otherwise).
Simulation aspects
Even though the lipid model (being similar in spirit to other models based on LJ-potentials 22, 23 ) may seem oversimplified, and a handful of full-atom and coarse-grained lipid models can be found in the literature, 24, 25, [51] [52] [53] for the purposes of this study the chosen simplification level is justified as follows. Here we are not interested in resembling closely the self-assembly properties of any particular lipid molecule, neither do we intend to investigate the phenomena associated with the internal configurational transformations within a lipid molecule (such as cis-/trans-/gauche-isomerisation). To the contrary, we are only interested in reproducing the most common features of lipids and, generally, surfactants, i.e. their hydrophobically driven aggregation into stable layered structures (nanoscopic films) at surfaces and interfaces in contact with an aqueous solution. Therefore, prior to production runs we ascertain that the simulation parameters, such as the box dimensions and the strength of hydrophobic interactions, correspond to an initially stable monolayer film. In particular, we start all our simulations with a prearranged monolayer of N l = 400 lipid molecules placed in the direct proximity of the (uncharged) electrode surface whereas the xy-projection of the initital configuration resembles square packing on a planar surface. Then, in order to examine the thermodynamic stability of the so-prepared monolayer, we perform a number of simulations in the isotension (N P xy T, L z = const) ensemble 41, 42 for a set of tt -values while the depth of the adsorption well is kept constant ts = 2.0 k B T . In this preliminary simulations we set the external lateral pressure P xy = 0 so as to find the regime of zero surface tension within the monolayer, i.e. the conditions at which the average xy-projected area per lipid does not vary, implying that the film neither shrinks nor expands in the lateral directions. This way we found that with tt in the range 1.4, . . . , 2.0 k B T the monolayer is thermodynamically stable, where the observed zero-tension phase gradually transforms from the dense liquid (for lower values of tt ) into gel-and liquid-crystal phases (for higher values). To exemplify, the average projected area per lipid is varying in the range, a xy = 21, . . . , 15Å 2 , which is reasonable 29, 54 considering that the effective monomer size of 4Å is slightly underestimated, being chosen here equal to the diameter of salt ions -for simplicity. In the related voltammetry experiments, however, the condition of zero-tension is not always fulfilled. That is, upon initial preparation of the monolayer by injection of a certain amount of lipids, the size (area) of the supporting it mercury droplet can be altered in a broad range while the number of adsorbed lipid molecules is assumed not to vary notably. Therefore, all our further (production) simulations, where we study the effects of the surface charge density variation, are performed with V = const, i.e. with constant area per lipid, a xy = 16Å 2 (if not stated otherwise). This setup to a good approximation resembles the experimental conditions where the observed peaks in C(V ) profiles are sharply pronounced.
Each simulation run comprised 10 5 passes through all the beads in the system, while either chain translation or pivot (in-chain rotation) move was attempted once per MC pass and two attempts of insertion/deletion of salt ion pairs complemented the pass in the cases where salt was present. In the same manner, in the isotension ensemble variation of the box xy-area was applied via an attempted change in L xy once per pass.
Results and discussion
In the previous work of Leermakers and Nelson 2 they clearly showed that suppported lipid monolayers have a rich phase behaviour and are capable of phase separation within the adsorbed film, given the appropriate conditions. That is, when the lipid concentration in the bulk overcomes a critical threshold value (equivalent to the critical micellar concentration -CMC, in the case of surfactants), depending on the strength of the effective water-surface and lipid-surface interactions, at least two possible phase transitions can be captured on the mean-field level.
In the first case, presumably corresponding to a low surface charge density and, hence, somewhat reduced hydrophobicity of the surface, lipid tails have higher affinity to the surface than water, whereas lipid head groups partly displace tail monomers from the surface. This process leads to emmergence of an inhomogeneous supported film where the inhomogeneities are argued to be associated with regions of low lipid content, i.e. small vacancies and pores. This should be expected as flipping of a considerable fraction of head groups towards the surface should result in formation of bilayer patches that would occupy on average smaller surface area than the original monolayer with the same number of lipid molecules. As a matter of fact, a similar phenomenon is observed in our preliminary MC simulations under the condition of zero surface tension where tt < 1.5 k B T . In this case, however, the process of lipid flipping is driven entropically, as the tail-tail hydrophobic coupling appears to be insufficient to maintain the monolayer intact. The emmerging liquid bilayer merely shrinks laterally which results in a smaller area per lipid, cf. a xy = 15.6 and 19.6Å 2 as obtained with tt = 1.4 and 1.6 k B T , respectively. It is worth noting that only few lipid molecules escape from the adsorbed film in the process of this transformation, because in this simulations the hydrophobic interaction of tail monomers with the surface is still kept strong, ts = 2.0 k B T .
In the second scenario, when the water affinity to the surface is set higher than that of lipid tails, i.e. upon further implicitly increasing the surface charge which results in a gradual switch from hydrophobic to hydrophilic surface, the lipids can be eventually replaced in the immediate proximity of the surface by a layer of water. Again, the authors argue that the outcome in this case is an inhomogeneous planar phase with alternating regions of adsobed and desorbed bilayer. Although within the mean-field framework direct observation of the indicated phase separation and transitions is not possible, the insights into the supported lipid phase behaviour gained in this SCF study are intriguing. Indeed, as we will see below, the structural transformations within adsorbed surfactant (or lipid) films to a large extent resemble the picture outlined above, whereas the underlying molecular mechanisms are found to be governed by strong electrostatic effects owing to redistribution of charged species within the interface upon variation of the electrode charge density.
SCF: counterions displace lipids from the electrode
As was mentioned above, we start with the SCF calculations for the same lipid (DOPC) model as that investigated by Leermakers and Nelson. 2 The major difference being that here we explicitly include 1:1 electrolyte and gradually charge-up the surface, while all the short-range FloryHuggins parameters are kept constant, as described in section 2.1. We recapitulate that this way the electrode surface is maintained strongly hydrophobic at all times, and only pure electrostatic effects on the monolayer adsorption are studied.
The obtained volume fraction distributions for lipid monomers, cations (electrode counterions), and water are presented in Fig. 3 . Also shown are the adsorption isotherms for lipids and cations, Fig.3(c) . It is clearly seen that, as the surface charge density increases, the amount of lipids adsorbed onto the surface progressively decreases, whereas at the same time the counterions are gradually accumulated by the electrode, similarly to what would be observed in the case of a simple electrolyte (Poisson-Boltzmann solution), i.e. in the absence of the monolayer. Eventually, when the surface charge density approaches the value of one unit charge per lattice cell, −e/9Å 2 , the lipid content at the surface becomes negligible -the lipids completely desorb. Examination of the adsorption isotherms reveals that, as the surface charge increases, accumulation of cations by the electrode proceeds linearly, while the lipid desoprtion process goes in a pronounced stepwise manner, with the inflection point at σ ≈ −0.5 e/9Å 2 . Thus, our SCF calculations support the view on the interface transformation as a phase transition.
We also reckon that in none of the cases water content notably exceeds that of counterions in the layer next to the charged surface. This is expected because in our mean-field treatment water molecules interact with the surface only via the short-range (nearest layer) interaction that is relatively weak in comparison to the electrostatic action experienced by a cation in direct contact with a negatively charged surface. Even if one takes into account the dipole moment of the water molecule (not included here) and considers its interacion with a charged site on the surface, the charge-dipole interaction decays with the distance as r −2 whereas Coloumb interaction between two point charges decays only as r −1 . By the same token the electrostatic contribution to the electrode affinity of water is significantly lower than that for a counterion.
MC: bilayer formation for entropic reasons
In the light of the mean-field results of Leermakers and Nelson 2 we briefly assess the effect of variation of hydrophobic tail-tail and tail-surface interactions in MC simulations with neutral surface, i.e. corresponding to the electrode kept at the potential of zero charge (PZC). In Fig. 5 the lipid concentration profiles obtained under the conditions of zero-tension are given for a set of different combinations of tt and ts values. Even though in all cases the lipid film remains at least partially attached to the surface, we observe a strong tendency to formation of a bilayer when either of the parameters mediating hydrophobic interactions is lowered. As is also supported by the simulaton snapshots in Fig. 4 , this tendency is especially pronounced in the cases where tt < ts = 2.0 k B T , i.e. with strongly adsorbing liquid film, Fig. 5(a) , whereas in the gel phase (b), tt = 2.0, a considerable drop in the tail-to-surface affinity, ts = 2.0 → 0.5, results mainly in partial desorption of the lipid film with only a small fraction of lipid molecules flipped towards the surface.
Notably, in the first case where tt = 1.4 and ts = 2.0, the concentration of lipid head monomers at the surface is higher than that at the outer side of the bilayer. It is, though, obvious from the figure that for entropic reasons the lipids oriented outwards possess more freedom (entropy) in their motion, which leads to a broader distribution of head monomers in comparison with that near the surface. Similar trend is also seen in the distributions of centers of mass (COM) in both cases of liquid film, where a few bumps have developed towards the outer side of the bilayer and only one distinct peak is located by the surface -right within the hydrophobic potential well. These latter peaks are indicative of the configurations adopted by those lipid molecules that happended to turn their head groups inwards. That is, to maintain their hydrophobic contact with the surface these lipids oriented roughly parallel to it. Analogously, a small bump in the vicinity of the surface hydrohobic region is exhibited by the COM profiles in the partially desorbed gel phase, tt = 2.0 and ts = 0.5.
The observed phase behaviour is in line with the first scenario suggested by Leermakers and Nelson. For example, one can anticipate that under the conditions of constant amount of lipids per unit surface area the supported liquid layer should be distributed on the surface inhomogeneously, as was indicated by the phase diagram in Ref. 2 However, one has to remember that the mechanism of transformation into a bilayer in these simulations is intrinsically entropic, because lipid head monomers remain effectively inert, hs = 0, i.e. we do not assume any affinity to the surface for head groups.
MC: lipid tail -cation race for charged surface
Below we present our MC results obtained for systems with constant area per lipid, a xy = 16Å 2 , where a 1:1 electrolyte is explicitly included and the surface charge density is progressively raised in steps, σ = −0.01, − 0.05, − 0.1 e/Å 2 . With this procedure we mimic a few intermediate steps in the voltammetry experiments so as to explore the spectrum of possible phenomena occuring at different values of the applied electric potential. In these simulations we opted to set ts = tt = 2.0 k B T , i.e. all hydrophobic interactions have equal strength, and, as we mentioned above, the lipid monolayer appears initially (σ = 0) to be in a gel phase. As in our SCF treatment above, while the electrode surface is charged up, we do not reduce the surface affinity of lipid tails so as to examine the electrostatic effects per se.
In this section we consider lipids with n = 5 beads and their head monomers totally inert (effectively "polar"), q h = 0 and hα = 0, where α denotes either the surface, lipid tail or head monomers, or salt ions. While Fig. 6 visually exemplifies the phenomena observed, in Fig. 7 the resulting concentration profiles are shown for three cases with stepwise increments in the surface charge. Similarly to what we learnt on the mean-field level in section 3.1, the lipid monolayer, being progressively displaced from the surface by the counterions, constantly drifts away from the surface. By comparing the distributions and snapshots for higher surface charges, σ = −0.05, − 0.1, we also clearly see how the monolayer arrangement gradually transforms into a bilayer structure. At intermediate surface charge the bilayer have an asymmetric distribution of lipids between its two sides, which becomes almost ideally symmetric as the surface charge is raised further and the lipid film departs from the electrode. In both cases the observed bilayer asymmetry is, of course, expected to disappear in fully equilibrated systems. Interestingly, one can anticipate the development of the second counterion layer next to the one accumulated directly at the electrode surface. That is, the initial electric field through an unperturbed monolayer is so strong (the potential drop at the surface φ z=0 ≈ −2 V ), that even a gel-phase lipid film does not present an obstacle for the counterions, see the "initial" lines in Fig. 10 . Eventually, after the electrode becomes screened by a sufficient amount of counterions, the gradient in the electrostatic potential is substantially reduced -the equilibrium profiles in Fig. 10 , by which time the lipids are completely removed from the hydrophobically favourable region by the surface. We emphasise that in none of the simulations with inert lipid heads we captured the displaced lipid slab moving backwards to the surface. This implies that finally it should end up either in a solution as a vesicle (liposome) or at the air-water interface as an oily monolayer film. In this respect, it is worth noting that the result of the competition for the charged surface between lipids and couterions is not as obvious in the real-world circumstances, because head groups of different lipids can be either strongly polar (as well as polarisible) or charged, which certainly should affect their behaviour when the electric field is applied. For example, the case of zwitterionic lipid model is considered in the next section.
MC: monolayer desorption -bilayer readsorption
Finally, we turn to lipids with zwitterionic head groups bearing both positive and negative charges. In this case n = 6, implying that in the lipid model used above we charge up the head bead with negative unit charge, −e, and add another head bead with positive charge, +e, which correspond to phosphate, PO − 2 , and amine, NH + 3 , charged groups in phospholipids of lecithin type, e.g. phosphatidylcholine (PC). Once again we kept the same set of LJ-parameters, tt = ts = 2.0 k B T , and started with a preliminary N P xy T simulation where P xy = 0, which resulted in a larger average area per lipid than what was obtained with inert head beads, cf. a xy = 20.8 and 15.4Å, respectively. All further simulations for this system, where the surface charge was varied, were performed in N V T ensemble with a xy = 20.8Å 2 . The counterion -lipid competition at the electrode with low to moderate charge density proceeded in the same fashion as we discussed above, cf. Figs 6 and 8. The desorption in this case does not necessarily lead to departure of the forming bilayer from the surface but, to the contrary, at sufficiently high surface charge (or applied electric field) is followed by its readsorption, cf. Figs 7 and 9, -the process that is driven solely by the electrostatic interactions.
Having said that, we focus on the structural phenomena observed with highly charged surface, σ = −0.1, that are illustrated in Fig. 9 . Like in the previous cases, initially the lipid film is efficiently displaced from the electrode by a distance of about 5 − 10Å. At this stage, in terms of MC time roughly corresonding to almost complete equilibration in Figs. 5 and 7, only a small fraction of lipid molecules re-oriented towards the surface, whereas the lipid film thickened and started exhibiting less structure, cf. the solid and dashed lines in Fig. 9(a) . However, in the course of a subsequent (longer) simulation the number of lipids flipping their heads inwards the interface constantly increased, producing progressively growing bumps on the inner side of the density profiles for lipid heads and COM:s -the dashed lines in Fig. 9 . That is, a bilayer has formed already at this intermediate relaxation stage. Finally, the lipid film becomes electrostatically attracted to the double layer formed by the electrode and its counterions (a small amount of coions being present as well), which is apparent from a considerable increase in the amount of inwards-oriented head groups at later stages -the solid lines in Fig. 9(b) . At the same time the lipid film gains a well pronounced bimodal structure in its COM profiles, by which the transformation into a bilayer is accomplished. Obviously, at different stages of this complex process the amount of salt ions (especially cations) accumulated at the electrode constantly varies, which affects the properties of both the emerging electric double layer and the entire interface including the layered lipid film. As a result, in the case with charged lipid head groups the distribution of the electric potential through the interface is not as trivial as with inert head monomers. The differences between the two cases, being brought out in Fig. 10 , are of course expected because charges in the lipid heads produce an additional contribution to the total electric field, which often results in a potential difference through the head group region of up to 0.25 V . 29 In both cases a noticeable electrostatic barrier is present around the outer monolayer surface which precedes the (initially dramatic) drop in the potential. As is clear from Fig. 10 , upon equilibration this barrier virtually disappears. Of greater interest is the fact that with zwitterionic lipids we observe how the charge distribution within the interface forms a multilayer of alternating charge -first, starting with the emergence of an electric double layer followed by the charge reversal in the head group area and, eventually, equilibrating into two distinct regions of charge alternation: a "triple" layer (−/ + /−) by the electrode surface (see inset in Fig. 10 ; the negatively charged surface layer is not shown) and a double layer (−/+) at the outer side of the film. Without doubt, this remarkable redistribution of charge is associated with a substantial variation in the capacitance of the layered lipid interface, i.e. C(V ) peaks registered in voltammetry experiments.
Simulations for longer lipid chains. As a measure to verify that the phenomena persist for lipid chains with longer hydrophobic tails, we performed a number of simulations under similar conditions for zwitterionic lipids with n = 12, tt = 1.0 k B T and a xy = 17.7Å 2 , where the reduction in tail-tail interaction parameter compensates for the increase in the chain length. The snapshots given in Fig. 11 illustrate the monolayer structure in this case at three different simulation stages. Apart from supporting the above discussion, these snapshots also highlight the mechanism of both lipid flipping and counterion penetration through the lipid film. Apparently, the two processes are coupled, proceeding via formation of ion channels where ions moving along the electrostatic gradient are surrounded by charged lipid head groups, see Fig. 11(b) . Clearly, this mechanism greatly reduces the energetic barriers associated with both processes in two ways: (i) by maximising the lipid head-ion electrostatic interactions and (ii) by reducing the number of contacts between ions and lipid hydrocarbon tails.
Looking ahead, we performed several additional simulations for zwitterionic lipids composed of twelve beads with a larger size of the bead (up to 4.5Å) and a smaller step of the surface charge variation. In these test runs the phenomena discussed above remained essentially the same, whereas the calculated dependence of the surface potential, φ 0 ≡ φ z=0 , on the surface charge density exhibited an interesting hysteresis feature (data not shown here). Initially, at low values of σ, the electrode potential raised linearly with increasing σ. However, at σ * ≈ −0.02 e/Å 2 a sudden drop in the magnitude of φ 0 was found, which coincided with a relatively abrupt desorption of the lipid film and an establishment of an electric double layer by the surface. When the surface charge was further increased, the monolayer eventually transformed into a symmetric bilayer, just as we saw in the present study, and the surface potential started growing again, gaining the magnitude beyond that obtained at σ * . This back and forth going level of the surface potential in a narrow range of σ can be rationalised as a simulation evidence of the first peak in C(V ). It is clear that in a voltammetry experiment one cannot observe such a hysteresis in φ 0 (σ), because the surface charge is not set but, instead, is defined by the applied electric potential. Therefore, the voltage hysteresis loop detected in simulation is absent in experiment, being simply replaced by a sudden raise in the surface charge, as was reported, for instance, by Bizzotto and Nelson, 13 see Fig. 1 in their paper.
Concluding remarks
In this work we have modelled numerically phase phenomena in lipid films adsorbed onto an electrode to which a varying electric potential is applied -the setup that presents difficulties for structural analysis in experiment. As we have seen above, both mean-field calculations and Monte Carlo simulations predict electrostatically driven desorption of the lipid monolayer as the electrode surface charge density is raised beyond a certain threshold value. The prominent observation is that the monolayer desorption is governed by strong competition between the electrode counterions and the lipid hydrocarbon tails that are initially hydrophobically attached to the surface. Counterion accumulation in the vicinity of the progressively charged-up surface appears to be only weakly affected by the presence of the lipid film, implying that the normal electric double layer is eventually established, provided sufficiently long relaxation time and the surface charge generating a steep electrostatic gradient (initially in the absence of the counterions by the surface).
Our MC simulations also revealed two possible scenarios of events upon displacement of the lipid monolayer from the electrode. In the first case, when polar groups in the lipid heads can be considered relatively inert with respect to the applied electric field, the desorbed monolayer readily transforms into a bilayer which then quickly departs from the surface into the solution. In the second case, when the lipid head group is zwitterionic (or strongly polar), the monolayerbilayer transformation takes longer time, even though the initial zero-tension monolayer appears to be laterally expanded, i.e. with larger area per lipid than that in the first case. We note that such an in-plane expansion should be attributed to the structure brought about by electrostatic correlations within the head-group region of a lipid layer. This should also explain the relatively larger kinetic barrier and the longer time of flipping a lipid with its head group from one side of the film to the other. Nevertheless, charges in the lipid head groups oriented towards the electric double layer reside in the region of non-trivial electrostatic gradient where they appear to be trapped: those with the charge opposite to that of an electrode mix with the electrode counterions in the immediate proximity of the surface, and those with same charge as the electrode stick out and form another layer next to the inner one. By analogy with the term "electric double layer", one can in this case think of the emerging alternating charge layers as an "electric triple layer", or even an "electric multilayer" -taking into account the charges within the outer side of the so readsorbed bilayer. It is then reasonable to assume that the emergence of these charged layers in a stepwise fashion is manifested in the sharp C(V ) peaks observed in voltammetry experiments. It should also be possible to verify this hypothesis in simulation by gradually scanning the relevant range of the surface charge density and calculating the corresponding electric potential and the interface capacitance.
